Ternary Mg-2Sn-Mn (0.5, 1, 2, and 2.5 wt% Mn) alloys were prepared under vacuum/argon atmosphere controlled furnace to investigate their microstructural and mechanical properties as a potential biodegradable implant material. As-cast alloys were heat treated at 550
Introduction
Magnesium, having a density 1.74 g/cm 3 , is the lightest among the structural materials used in engineering applications and widely preferred in automotive and aerospace applications owing to their excellent strength to weight ratio, good electromagnetic shielding, superior damping capacity and good castability. Reducing the weight of vehicles will decrease the fuel consumption which will also lower the emission of greenhouse gases such as CO 2 [1] [2] [3] [4] [5] . As a result of their dissolubility in chloride containing aqueous solutions, magnesium is a potential biodegradable implant material and unlike the titanium based implant materials, biodegradable magnesium alloys do not require a second surgical operation for the removal process and are mechanically more compatible with natural bone by virtue of their similar elastic modulus values (Mg alloys: 40-45 GPa, bone: 10-40 GPa) [6, 7] . Magnesium itself is an essential mineral for the body and responsible for corporation of calcium into the bone. Consequently releasing of magnesium ions during the dissolution process is beneficial for the healing process of bones [8] . However poor corrosion and wear resistance of magnesium and its alloys limit their application areas [3] [4] [5] [9] [10] [11] . Therefore to improve the properties of magnesium addition of alloying elements is highly required [12, 13] .
One of the extensively used alloying elements in magnesium is aluminum. However aluminum containing magnesium alloys are serviceable only at room temperature and for biomedical applications it is proven that aluminum is toxic for the body causing dementia and Alzheimer disease [14, 15] . Therefore another requirement emerges for biomedical applications that alloying elements used in magnesium should not harm body caus- * corresponding author; e-mail: egulec@gtu.edu.tr ing toxic or allergic reactions. Tin and manganese are important alloying elements used in magnesium alloys to improve the mechanical and corrosion resistance of magnesium. Addition of tin increases the creep resistance of magnesium alloys due to formation of an intermetallic compound (Mg 2 Sn) which melts at elevated temperature (770 • C) [16] . A study made by Zhao showed that tin addition up to 3 wt% did not cause any toxicity in Mg63 cells and improved the mechanical properties drastically [17] . Manganese addition into the magnesium alloys does not affect the tensile strength but improves the yield strength slightly, however the most important function of manganese addition is to increase resistance of the Mg alloys in salt water by forming harmless intermetallic compounds with impurities [18] . A study made by Xu showed that manganese addition into magnesium did not cause any toxicity in human body [19] . Therefore addition of tin and manganese is very beneficial for magnesium alloys. This study focuses on production and characterization of a new potential biomedical alloy of Mg-2Sn-xMn (x = 0.5, 1, 2, 2.5 wt%).
Experimental
Pure magnesium, pure tin and pure manganese with 99.95% purity were used to produce ternary alloys with targeted compositions given in Table I . The alloy ingots were prepared by using induction furnace under Ar (99.99% pure) atmosphere to prevent oxidation, cast into water cooled copper molds and quenched in water. Each ingot was sliced into two pieces (top and bottom) to obtain average chemical analysis from different regions using mass spectroscopy. The solution treatment was carried out at 550
• C for 24 h and then ageing treatment at 300
• C for 16 h for the alloys. The phase analysis was carried out using X-ray diffraction (XRD) (Rigaku D-Max 2200) in 10
• −90
• range with 2 • /min scan rate. A further XRD analysis was carried out between 10
• and 40 • with 0.5
• /min scan rate for the same alloys for detecting low intensity diffraction peaks. Instron Wolpert 2100 microhardness tester was used for the Vickers microhardness measurements of the alloys by applying a load of 100 g for 5 s with 300 µm distance between measurements. The surfaces of the alloys were ground using 80-1200 SiC papers sequentially and then polished using colloidal silica. The polished samples were etched using a solution containing 1 ml nitric acid, 20 ml acetic acid, 20 ml deionised water and 60 ml ethylene glycol, rinsed in deionised water and then in ethanol and dried with warm air. The microstructures of alloys were examined using an optical microscope. 
Results and discussion
The chemical analysis results of the Mg-Sn-Mn ternary alloys obtained by optical emission spectroscopy are given in Table II . The results given in Table II shows that the chemical composition of each alloy was slightly different compared to the aimed compositions given in Table I . Trace amounts of impurities such as Al, Si, and Nd in metals are detected. Therefore the impurities are negligible. The results show that Mg-Sn-Mn alloys were produced in parallel to the targeted chemical compositions by induction melting method under controlled argon atmosphere. Furthermore, the results show that the samples are considerably homogeneous as there is no big difference between bottom and top sections of the cast Mg-Sn-Mn alloys. The XRD analysis results of the Mg-Sn-Mn alloys in as-cast state and after the heat treatment are given in Fig. 1 . The XRD spectrum shows that only Mg phase is evident for the as-cast alloys while there was not any intermetallic phase. However, Mg 2 Sn intermetallic phase is detected for alloy 2, alloy 3 and alloy 4 in addition to Mg phase after the heat treatments. Mg 2 Sn phase formation was prevented from the rapid cooling of the alloys in as-cast state. However, the solid solution treatment at 550
• C for 24 h and then the ageing treatment at 300
• C for 16 h resulted in Mg 2 Sn intermetallic phase formation in grain boundaries and in grains. Mg is the only phase formed both in as-cast state and after the heat treatment of the alloy 1. XRD intensities of the phases which are detected after the heat treatment are relatively higher than those of the as-cast alloys. Fig. 2a while the arms became shorter in Fig. 2b and d. The dendrites arms are of the same range of length in Fig. 2a while structure of the matrix is similar to that of the other alloys. Alloy 3 has a different microstructure compared to the other alloys. Alloy 3 has equiaxed microstructures instead of dendritical structures (Fig. 2c) . The slight difference in microstructures may be attributed to the chemical difference of the alloys.
The optical micrographs of Mg-Sn-Mn ternary alloys after the heat treatment were given in Fig. 3a-d . The grain boundaries were clearly seen and equiaxed grain structure was evident for the heat treated alloys. The grain size was changed with Mn amount in the Mg-SnMn ternary alloys. The grain size decreased with the increase of Mn content in the alloys. The grain size was measured as approximately 400 µm in alloy 1 (Fig. 3a) while it decreased to 70-80 µm in alloy 4 (Fig. 3d) . It may be concluded that Mn has a grain reduction effect on heat treated Mg-Sn-Mn ternary alloys.
The SEM micrographs of as-cast Mg-Sn-Mn ternary alloys are given in Fig. 4 with a portion of their magnified images. The microstructures obtained by SEM are sim- ilar to that of obtained by optical microscopy (Fig. 3) . There was light grey color precipitates located on the arms of the dendrites while a smaller number of those precipitates were formed between dendrites arms. It was reported in similar literature that the dendrites arms were rich in Sn [20] . Therefore, it is thought that these precipitates could be intermetallic Mg 2 Sn when XRD results and SEM images are interpreted together.
The microhardness profiles of the Mg-Sn-Mn ternary alloys are shown in 
Conclusion

Mg phase is evident for the as-cast alloys while
Mg 2 Sn intermetallic phase is detected for alloy 2, alloy 3 and alloy 4 in addition to Mg phase after the heat treatment.
2. The dendritic microstructure changed to equiaxed grain structure after the heat treatment of Mg-SnMn alloys.
3. The grain size of the ternary alloys decreased with the increasing amount of manganese content in the alloys.
4. Sn-rich precipitates were formed on dendrite arms and between dendrites while dendrites of as-cast alloys while their concentration was much higher on the dendrite arms.
5. The microhardness of the alloys increased slightly with the increase of Mn in the alloys.
